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O objetivo deste estudo foi avaliar a interação de diferentes soluções contendo silano, 
com cerâmica vítrea e cimentos resinosos por meio da resistência de união por 
microcisalhamento e avaliação morfológica da fratura. Este estudo foi separado em dois 
capítulos. No capítulo 1 foi verificada a influência de quatro soluções contendo silano 
(solução convencional, solução convencional seguida da aplicação de um sistema 
adesivo convencional, sistema adesivo universal contendo silano e um primer universal 
para materiais cerâmicos contendo silano) e a influência do uso ou não do 
condicionamento prévio da cerâmica com ácido fluorídrico na resistência de união entre 
uma cerâmica vítrea e um cimento resinoso convencional, após 24h. A análise 
morfológica da fratura foi avaliada com microscópio eletrônico de varredura. Todos os 
dados foram submetidos à análise de variância a dois fatores e teste de Tukey (α=0.05). 
Os resultados mostraram que o condicionamento prévio da cerâmica com ácido 
fluorídrico foi um fator determinante na obtenção de valores estatisticamente 
significativos na resistência de união entre ela e o cimento resinoso. A solução de silano 
convencional foi o único tratamento que proporcionou valores significativamente 
maiores de resistência de união sem a aplicação do condicionamento prévio na cerâmica 
vítrea. Todas as soluções proporcionaram resistência de união estatisticamente superior 
quando o ácido fluorídrico foi usado previamente em relação ao grupo de cerâmicas só 
jateadas com óxido de alumínio. Os valores foram diferentes estatisticamente entre as 
soluções, sendo a solução convencional de silano a mais efetiva. Padrão de fratura 
coesiva no cimento foi associado com valores maiores, enquanto que falha adesiva foi 
associada com menor resistência de união. No capítulo 2, o objetivo foi avaliar a 
interação das mesmas soluções contendo silano com cinco cimentos resinosos, três 
convencionais (Rely X Ultimate, Rely X ARC e Variolink II) e dois autoadesivos (Bifix 
e Rely X Unicem 2). A resistência de união por microcisalhamento e o tipo de fratura 
foram avaliados. Os valores foram submetidos à análise estatística a dois fatores e ao 
teste de Tukey (α=0.05). Os resultados mostraram que a resistência de união foi maior 
quando a cerâmica foi tratada com a solução convencional de silano para todos os 
cimentos. A maioria dos cimentos apresentou resistência de união sem diferença 
estatística quando usados junto com o sistema adesivo universal e o primer cerâmico, 
exceto para o Bifix e Rely X ARC. Nas fotografias em MEV observaram-se áreas de 
polimerização incompleta nos casos do Bifix e Rely X ARC. Os grupos com melhor 
resistência de união apresentaram maior prevalência de fratura coesiva no cimento, 
enquanto que os grupos com menores valores de resistência de união apresentaram 
maior prevalência de fraturas adesivas e maior variabilidade do tipo de falha no mesmo 
grupo. Como conclusão observou-se que as soluções que combinam silano com outros 
componentes podem melhorar a adesão entre a cerâmica vítrea e o cimento resinoso 
sempre que utilizadas em cerâmicas vítreas previamente condicionadas, mas o seu efeito 
positivo é menor do que o obtido pela solução convencional de silano. Além disso, a 
interação dessas soluções não convencionais com os cimentos resinosos é material 
dependente já que nem todos os cimentos avaliados foram afetados.  
 






























The aim of this study was to evaluate the interaction of different silane-containing 
solutions, with glass ceramic and resin cements by performing a µSBS and failure 
evaluation. This investigation was separated in two chapters. Chapter 1 verified the 
influence of four silane-containing solutions (conventional solution, conventional 
solution followed by a conventional adhesive system, silane-containing universal 
adhesive system and a silane-containing universal ceramic primer) and previous 
hydrofluoric acid etching on µSBS of glass ceramic and one conventional resin cement 
after 24 hours storage. Morphological failure analysis was assessed with a scanning 
electron microscope. All data was submitted to two-way ANOVA and Tukey test 
(p<0.05). Results showed that hydrofluoric acid etching was determining to increase 
µSBS. The only solution that increased significantly µSBS mean value without previous 
hydrofluoric acid etching was the sole-silane solution. All tested solutions increased 
µSBS when ceramic was previously etched but with statistical differences between 
them, being the most effective the sole-silane solution. Cohesive failure in resin cement 
was associated with higher µSBS values, while ceramic/cement adhesive failure was 
correlated to lower mean values. In chapter 2 the purpose was to evaluate the interaction 
of the same silane solutions with five resin cements, three conventional (Rely X 
Ultimate, Rely X ARC e Variolink II) and two self-adhesive (Bifix e Rely X Unicem 2). 
Also µSBS test and failure evaluation were performed and results analyzed by ANOVA 
two-way and Tukey test (p<0.05). Results showed that µSBS was higher when ceramic 
was treated with the sole-silane solution for all cements. Most of cements showed 
statistically similar mean values when treated with the universal adhesive and the 
universal ceramic primer with the exception of BiFix and RelyX ARC. SEM images 
revealed some incomplete polymerization areas for those cases. Likewise groups that 
performed better showed more prevalence of cohesive failure in resin cement while 
groups that presented lower mean values showed more prevalence of adhesive failure 
and more failure type variability. As conclusion, it was observed that solutions 
combining silane with other components could improve adhesion between glass ceramic 
and resin cement whenever employed on previously conditioned ceramics, but their 
positive effect is lower than the one produced by the sole-silane solution. Furthermore, 
interaction of those non-conventional silane-solutions with resin cements may be 
material dependent as not all cements tested were negatively affected. 
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 As cerâmicas dentárias têm sido consideradas excelentes materiais restauradores 
indiretos em função das suas propriedades mecânicas, ópticas e biológicas (Kimmich e 
Stappert, 2013). Dentro da sua diversidade na composição química (Tian et al., 2014), 
as cerâmicas odontológicas podem ser classificadas de várias formas, como por 
exemplo em: sensíveis ao condicionamento com ácido fluorídrico (HF) (alto conteúdo 
de matriz vítrea e consequentemente passíveis de silanização) e não sensíveis ao 
condicionamento com ácido fluorídrico (baixo ou nenhum conteúdo de matriz vítrea e 
consequentemente não passíveis de silanização na sua estrutura pura). 
 Por outro lado, os cimentos resinosos são preferidos como agente de cimentação 
por apresentar melhor resistência de união com as estruturas dentárias e com as 
cerâmicas quando comparados com os cimentos à base de água (Powers e O’Keefe, 
2005). A união dos cimentos resinosos ao dente pode ser obtida tanto pelo uso de 
adesivos associados à técnica úmida como à técnica autocondicionante.  Além disso, 
também é possível obter união ao esmalte e dentina com cimentos denominados 
autoadesivos, que são constituídos por monômeros fosfatados que podem se unir 
quimicamente aos tecidos dentais sem necessidade de usar um sistema adesivo 
(Ferracane et al., 2011). 
Existem duas estratégias definidas para unir cerâmica passível de 
condicionamento com HF e com alto conteúdo de matriz vítrea (cerâmica vítrea), e 
cimento resinoso: 1. união micromecânica e 2. união química (Tian et al., 2014). A 
união micromecânica pode ser conseguida mediante o jateamento com partículas 
pequenas que produzem irregularidades na superfície, e mediante o condicionamento 
ácido (HF) que promove uma modificação na morfologia da superfície da cerâmica 
criando também irregularidades. Além disso, a capacidade de umedecimento do cimento 
sobre a superfície cerâmica é aumentada (com o uso do HF) e permite maior penetração 
do cimento nas irregularidades produzidas (Ying Kei Lung e Matinlinna, 2012). O ácido 
fluorídrico (HF) em baixas concentrações é a solução mais indicada para realizar esse 
procedimento, pela capacidade de dissolver a fase vítrea da cerâmica e expor as 
estruturas cristalinas favorecendo a união mecânica (Brentel et al., 2007). Por outro 
lado, a união química pode ser estabelecida usando um agente de união à base de silano, 
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uma molécula bifuncional capaz de formar ligações siloxano entre o grupo silanol 
presente na sua estrutura química e os grupos OH da cerâmica vítrea e ainda polimerizar 
junto com a matriz orgânica do cimento resinoso por meio do grupo polimerizável 
metacrilato (Matinlinna et al., 2004).  
A maioria das soluções comerciais de silano normalmente contém um tipo de 
silano pre-hidrolizado (SiOR→SiOH). Por este processo é possível criar condições de 
produzir ligações por meio dos grupos OH da superfície da cerâmica. Essa molécula é 
chamada de 3-Methacryloxypropyltrimethoxysilano (MPS) e é misturada com etanol e 
água como solventes em uma solução contida em um único frasco (Ying Kei Lung e 
Matinlinna, 2012).  
Nos últimos anos tem havido uma busca pela simplificação dos procedimentos 
clínicos. Assim, a tendência dos fabricantes de materiais dentários foi produzir materiais 
simplificados para reduzir o número de passos clínicos e, consequentemente, do número 
de frascos a serem utilizados nesses procedimentos. Com esse intuito, o silano tem sido 
misturado com outros componentes monoméricos para formar uma solução contida em 
um único frasco, mas capaz de ser utilizada em variadas situações clínicas. Entre estas 
soluções estão os primers cerâmicos que misturam o silano com monômeros fosfatados 
ácidos como o 10-methacryloyloxydecyl dihidrogênio fosfato (MDP). Esse tipo de 
moléculas são utilizadas nos primers cerâmicos em função da sua capacidade de 
unirem-se aos íons metálicos presentes em algumas cerâmicas (principalmente com 
baixo conteúdo de matriz vítrea e não passíveis de silanização-não vítrea-) e ao mesmo 
tempo, por meio do grupo polimerizável, ser capaz de copolimerizar com os grupos 
metacrilatos presentes nos cimentos resinosos (Kitayama et al., 2010). Ao misturar 
essas duas moléculas e conseguir a estabilização química obtém-se uma solução (primer 
universal) capaz de melhorar a união química dos cimentos resinosos com qualquer tipo 
de cerâmica (vítrea e não vítrea). Adicionalmente, o silano tem sido incluído também 
em alguns sistemas adesivos denominados de “universais”. Neste caso a solução é 
formada por diferentes monômeros (hidrófilos e hidrófobos), além do MDP, e são 
indicados para produzir união química aos tecidos dentais tanto com a técnica úmida 
como com a técnica autocondicionante (Van Meerbeek et al., 2011). Assim, a solução 
resultante “universal” é capaz de ser utilizada como sistema adesivo “multi-mode” além 
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de poder ser utilizada como primer tanto para cerâmicas vítreas como não vítreas graças 
à presença do MDP e do silano no mesmo frasco. 
Essa ampla variedade de soluções segundo os fabricantes são capazes de atuar 
igualmente como soluções convencionais de silano. No entanto, a literatura ainda não 
relatou suficiente evidencia científica que convalide a expectativa dessas soluções 
contendo silano produzirem a mesma efetividade de união que tem sido documentado 
para as soluções convencionais de silano, na adesão de cerâmica vítrea e cimento 
resinoso. 
 Diante do exposto, o objetivo deste trabalho foi estudar a resistência da união 
dessas soluções adesivas quando usadas como agentes silanizadores sobre cerâmica 
vítrea condicionada e jateada e compará-los com uma solução convencional de silano, 
além de esclarecer a interação dessas soluções com cimentos resinosos dentro do 
processo de cimentação. A hipótese testada foi que as diferentes soluções contendo 













Bond strength of glass-ceramic/resin-cement interface using different silane-
containing solutions. 
Clinical Relevance: 
Different solutions such as conventional silanes and adhesives/primers containing silane 
may improve bond strength of glass-ceramic with resin cement but in different degrees. 
The usage of hydrofluoric acid and silane is the best option to treat a glass-ceramic 
restoration in a clinical situation.  
Abstract 
Objectives: To evaluate the bond strength between glass-ceramic and resin cement, 
using different silane-containing solutions with and without previous hydrofluoric (HF) 
etching. 
Material and Methods: Thirty glass-ceramic plaques (IPS e.max CAD®) were divided 
in two groups of 15 each (etched (HF) and non-etched), each group then sub-divided in 
five groups of three to be treated with: RelyX Ceramic Primer® (3M ESPE) (RCP), 
RelyX Ceramic Primer and Adper Singlebond2 (Singlebond Plus)® (3M ESPE) 
(RCP+SB), Scotchbond Universal® (3M ESPE) (SBU), Clearfil Ceramic Primer® 
(Kuraray) (CCP), and no solution (HF/0-control). Six cement cylinders (Rely X 
Ultimate) were placed on each treated plaque. After 24 h storage in relative humidity at 
37°C, each cylinder was subjected to a microshear testing. Failure mode was analyzed 
using scanning electron microscopy. Data were statistically analyzed by two-way 
ANOVA and Tukey test (p≤0.05).  
Results: ANOVA revealed that the factors “HF etching” and “solution” significantly 
influenced the µSBS results (p<0.0001) and also interaction between the factors 
(p<0.0001). µSBS means in MPa for etched groups were: (RCP): 27.2±3.1; (RCP+SB): 
23.3±4.3; (SBU):18.1±3.0; (CCP): 21.7±4.3; (HF): 21.1±3.4). Non-etched groups’ 
means were: (RCP): 18.3±5.4, (RCP+SB): 9.9±4.0; (SBU): 7.4±3.0; (CCP): 7.2±3.8; (0-
control): 7.1±3.1. HF-RCP obtained the significantly highest mean among all groups. In 
non-etched groups RCP presented a significantly higher µSBS mean compared with the 
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other non-etched groups. Predominant failure mode for etched groups was cohesive in 
luting agent (resin cement or adhesive system), and for non-etched groups an important 
prevalence of adhesive failure were observed with some other failure types. The usage 
of HF was fundamental to improve µSBS for all tested solutions. Best results were 
achieved using a sole-silane solution. Silane-contaning primers and universal adhesives 
also improved µSBS values compared with the control group but not as much as the 
sole silane-solution. 
Keywords: Silane; glass-ceramics; lithium disilicate; multi-mode adhesives; 
cementation; bonding; hydrofluoric acid.  
Introduction 
In dentistry, all-ceramic restorations have been much utilized in the last years 
due to their biocompatibility, mechanical properties and optimal aesthetics.
1
 However, 
to connect inorganic restoration materials with organic tooth tissues it is required to 
perform a surface preparation and the application of coupling agents,
2
 in both, dental 
tissues
3
 and ceramic material.
4
 Also the mediation of an intermediate material such as 
resin cement can improve restorations’ mechanical behavior.
5,6
 All this issues should be 
encouraged to ensure an adequate bonding through time and optimal clinical 
performance.
7 
Silanes can improve chemical adhesion between resin cement and glass ceramic 
during cementation procedure.
5
 That interaction can also be increased by performing a 
previous roughening of the ceramic surface made by hydrofluoric acid (HF) etching 
through its action dissolving part of the glassy phase of glass-ceramic material, 
facilitating mechanical interlocking with the resin cement.
4,5,8,9
 The combination of both 
mechanical and chemical union, is the preferred strategy to improve resin-cement/glass-
ceramic bonding.
2,4,5 
Silane coupling agents have been applied as adhesion promoters in dentistry 
since 1977.
10
 At the present, most of silane solutions contain a mixture of functional 
silanes (containing two different reactive functional groups that can couple with 
inorganic and organic materials) and non-functional silanes (contain alkoxy (-OR) 
groups that after hydrolysis they react only with inorganic substrates)
2
 in order to 
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achieve not just a linear but a three dimensional cross-linking network between ceramic 
and resin.
11
  Moreover, silane-coupling agents must be activated by a hydrolyzation 
process (SiOR→SiOH) to be able to bond through OH groups.
2
 So, many commercial 
silane-solutions use a pre-hydrolyzed silane (3-Methacryloxypropyltrimethoxysilane, 
MPS) mixed with ethanol and water as solvents in one bottle. Silanes in two separate 
bottles are also available, consisting of an unhydrolyzed silane and an aqueous acetic 
acid solution, that when mixed, the silane is hydrolyzed at a low pH before usage. That 
two-bottle system has a better shelf life compared with one-bottle system.
12,13 
Another methods such as airborne-particle abrasion using 50 μm aluminum 
oxide
5,14
  and the employment of solutions containing silane and phosphate acid 
monomers such as MDP (10-methacryloyloxydecyl dihydrogen phosphate), can also be 
used to improve ceramic-resin bonding . Those phosphate acid monomers are employed 
due to their capability to bond metallic ions present in some ceramics (mainly non-glass 
ceramics) with methacrylate groups of resin cements.
14,15
 Thus, when silane is added 
along, that solution can enhance bonding in glass ceramics and non-glass ceramics.  
Also these phosphate acid monomers can be found in some enamel-dentin adhesives to 
act as couplers between resin and calcium present in enamel and dentin.
16
 Recently, 
silane has been incorporated to those adhesives obtaining a “universal” bonding solution 
to be used with enamel, dentin and ceramics. This multi-mode solution is indicated to 
be used as silanization agent of glass-ceramics, previous to cementation process in order 
to simplify the clinical steps.
17
 This broad range of silane-containing solutions are 
recommended by manufacturers to be used equally as silane coupling agents, but there 
is no further evidence that clears the effect of those different mixtures with silane on 
glass ceramic-resin cement bonding performance specifically.
 
The aim of this in vitro study was to evaluate the microshear bond strength 
between glass-ceramic and resin cement, using different silane-containing solutions to 
treat the glass-ceramic surface with and without previous hydrofluoric acid etching. The 
hypothesis tested was that there may be differences in bond strengths between lithium 





Materials and methods 
 One glass-ceramic (IPS e-max lithium disilicate CAD/CAM, A2 color, Ivoclar, 
Vivadent, NY, USA; Lot. N76665) was used along with one resin cement (Rely X 
Ultimate, color A2, 3M ESPE, ST. Paul, MN, USA; Lot. 505370) and 3 silane-
containing solutions (Table 1). The specimens preparation methodology for the 
microshear test was adapted from the one developed by Shimada et al.
18 
 Thirty lithium disilicate ceramic plaques measuring 8±0.1mm in length, 
5±0.1mm in width and 2±0.1mm in thickness were milled from CAD/CAM blocks on 
an E4D Dentist System (D4D technologies, LLC, Richardson, TX, USA) using a 
custom-mill file. They were sandblasted with aluminum oxide (50 μm; Bio-Art, São 
Carlos, SP, Brazil) at 2 bar pressure for 5 seconds in only one surface at a working 
distance of 5mm from the porcelain plaque. Then all plaques were ultrasonically 
cleaned for 5 minutes in distilled water and air-dried. Those plaques were going to be 
used as a substrate to construct the resin cement specimens for the different testing 
groups, distributing 6 cement cylinders per plaque. 
To perform the groups division, all the 30 glass-ceramic plaques were randomly 
divided in 2 groups to treat 15 plaques with 10% HF gel for 20 seconds
19
 (HF) 
(Porcelain Conditioner Dentsply, Petropolis, Brazil) and the other 15 plaques with no 
acid etching. Each 15-plaques group was then divided in 5 sub-groups to receive 
different silanization protocols. As 6 resin cement cylinders could be placed on each 
plaque, 3 plaques were treated with each silane-solution in order to complete 18 
specimens for each sub-group. The solutions (treatments) used were: Rely X Ceramic 
Primer (3M ESPE, St. Paul, MN, USA) that is a sole-silane solution (RCP); Rely X 
Ceramic Primer followed by an adhesive system: Adper Single Bond 2 (RCP+SB) 
(Single Bond Plus in the USA, 3M ESPE, St. Paul MN, USA); One “universal/built-in 
silane” adhesive system: Scotchbond Universal (SBU) (3M ESPE, St. Paul, MN, USA); 
A ceramic primer containing silane and MDP: Clearfil Ceramic Primer (CCP) (Kuraray 
Noritake Inc., Okayama, Japan) and the fifth sub-group received no solution (HF and 0-
control). All treatment protocols for each experimental group are described in Table 2. 
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Each treated glass ceramic plaque was placed in a silicon mold with six 
cylindrical-shaped compartments measuring 1.6±0.1mm in diameter and 1±0.1mm in 
thickness. Then, the resin cement was injected into each compartment on the treated 
ceramic plaque (6 cement cylinders on each ceramic plaque) using the manufacturers’ 
auto-mixing tip and light-cured (Optilight Max, Gnatus, Brazil; light output: 600 
mW/cm
2
) for 40s. A 1mm glass slide was placed between the light tip and the 
cylindrical resin cement specimen. The ceramic-plaque/resin-cement assemblies were 
removed from the molds after 5 minutes. The specimens were water rinsed, dried and 
stored in 100% relative humidity at 37°C for 24 h. 
 Specimens were attached to a holding device with cyanoacrylate glue (Super 
Bonder Loctite, Henkel) and placed on a universal testing machine (Instron 4411, 
Instron Corporation, Canton, MA, USA)  in order to do microshear bond test (μSBS) 
using a 500-N load cell. A shear load was applied to the base of the resin cement 
cylinder with a thin wire (0.20 mm diameter) at a crosshead speed of 0.5 mm/min. The 
results from each resin cement cylinder were calculated and expressed in MPa, and then 
a sub-group mean was calculated (18 measures). All data were statistically analyzed by 
Two-Way ANOVA (HF acid etching vs. silane containing solution) and Tukey test at a 
significance level of 5% (p≤0.05). 
 For fracture analysis, all specimens were mounted on aluminum stubs, sputter 
coated with gold/palladium (SCD 050; Balzers, Schaan, Liechtenstein) and then 
examined using a scanning electron microscope (SEM) (JSM 5600 LV; JEOL, Tokyo, 
Japan) operating at 15 kV. Photomicrographs of representative areas of the fractured 
surfaces were taken at different magnifications for fracture pattern evaluation and then 
classified according to the following criteria: AD-CC, failure between ceramic and resin 
cement; C-AS, cohesive failure in adhesive system (when employed); C-CE, cohesive 
failure within the ceramic; C-RC, cohesive failure in resin cement and MIX, mixture of 
different kinds of fractures in the same specimen. 
Results 
Two-way ANOVA statistical analysis revealed that the factors “HF acid 
etching” and “solution” (p<0.0001) significantly influenced the µSBS results. Likewise, 
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significant differences were found in the interaction between the two factors 
(p<0.0001). All μSBS means, data distribution and standard deviation per each 
experimental sub-group are mentioned in Figure 1. 
 Tukey test showed that the highest bond strength values among all groups were 
achieved when the glass ceramic was treated with 10% HF etching and the sole-silane 
solution together (HF-RCP) (Fig. 1). All groups treated with previous HF etching (HF) 
obtained significantly higher values compared with the groups using the same solutions 
but without previous HF etching (p<0.05). Among etched groups, sub-group HF-RCP 
presented significantly higher values than all others (p<0.05) (Fig. 1). Moreover, sub-
groups HF-RCP+SB, HF-CCP and HF were not significantly different between them 
(Fig. 1). Sub-group HF-SBU obtained significantly lower µSBS mean compared with 
sub-groups HF-RCP and HF-RCP+SB, but it was not significantly different from sub-
groups HF-CCP and HF (Fig. 1). Among non-etched groups, the highest values were 
obtained by sub-group RCP and also were significantly higher than the other sub-groups 
(p<0.05). Additionally, sub-groups RCP+SB, SBU, CCP and 0-control group weren´t 
significantly different between them and they also obtained the lowest µSBS values 
within all other groups (HF and non-etched) (Fig. 1).  
Results from SEM fracture pattern analysis are presented in Figure 2. 
Representative photomicrographs from all groups are shown from Figure 3 to 7. Groups 
HF-RCP (Fig. 3 a and b), HF-CCP (Fig. 6 a and b) and HF (Fig. 7 a and b) presented 
mainly cohesive failure in resin cement (C-RC). In this failure type a resin cement layer 
can be seen bonded to the ceramic surface. On group HF-RCP+SB (Fig. 4 a and b) the 
cohesive failure type in adhesive system (C-AS) was more prevalent, showing an 
adhesive system layer bonded to the glass-ceramic surface. Also cohesive failure in 
adhesive system was more prevalent on group HF-SBU (Fig. 5 a and b) showing an 
adhesive system layer but with some irregularities forming a particular pattern with 
some “lacunas” within the layer resulting in a less uniform adhesive layer than the one 
on group HF-RCP+SB. On non-etched groups, just RCP group (Fig. 3 c and d) 
presented more prevalence of cohesive failure in resin cement but showing a thinner 
layer of resin cement particles than etched groups with the same failure type. The other 
non-etched groups showed more prevalence of adhesive failure type (AD-CC) where 
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almost no adhesive or cement particles remained bonded to the ceramic surface and 
mostly “clean” glass-ceramic areas can be seen (Figs. 4 c and d, 5 c and d, 6 c and d, 
and 7 c and d). 
Discussion 
Two principal interfaces are involved in the cementation process of an indirect 
glass-ceramic restoration. The one involving the tooth with the intermediate material 
and the one between the intermediate material and the glass-ceramic. In the present 
investigation we aimed to study the ceramic/cement bonding performance and the 
influence of different silanes on it. 
To assess bonding performance of ceramic/cement interface, a well-established 
µSBS method was used.
18
 This method uses a thin wire close and parallel to the 
bonding area instead of a blade, in order to better distribute the stress in the surrounding 
specimen area.
20
 Also, the usage of a micro-specimen leads to a greater uniformity on 
that stress distribution and avoids better the undesirable cohesive failure in substrate, 
producing more “realistic” failure patterns than when using bigger specimens.
21-23
 With 
such care aspects regarding the development of the mechanical test, the results obtained 
may be reliable. 
Thus, the results of this in vitro study showed that the use of HF etching and 
different silane-containing solutions significantly influenced the µSBS values obtaining 
statistical differences among the experimental groups/sub-groups (p<0.0001). 
Consequently, the hypothesis set in this study must be accepted. 
The highest µSBS values were obtained when the glass-ceramic surface was 
treated with 10% HF etching and combined with a sole-silane solution application. Our 
data confirm results obtained in previous works,
4,15,22
 although Shimada et al.,
18
 Aida et 
al.,
24
 and Hooshmand et al.
25
 found that HF etching was not necessary as glass-ceramic 
pre-treatment. Sorensen et al.
26
 reported in the other hand that silane application was not 
so useful. Nevertheless, we confirmed in the present work that using both (HF etching 
and a silane coupling agent), glass-ceramic/resin-cement bonding performance was 
powered due to mechanical and chemical adhesion acting together.  
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In fact, this group not only showed the highest µSBS values, but was also the 
group with more uniform distribution of values as it can be seen in the results boxplot 
graphic (Fig. 1). The other groups presented more divergent data distribution from the 
mean value between the first and third quartile, and a wider range between the whiskers 
(Fig. 1). This may points that this treatment could also be considered as the more stable 
and constant at least after 24 hours storage. 
 In this regard, we also could isolate the effect of each, silane and HF, treating 
one sub-group just with HF (HF) and one just with a sole-silane (RCP). In this 
comparison it could be observed that HF etching exerted a slightly greater influence on 
µSBS values than the silane coupler, as it produced an approximate increase of almost 3 
times in µSBS values when compared with the control sub-group (0-control). Whereas, 
the increment produced by the sole silane was about 2.5 times also compared with the 
control group (Fig. 1). This can signalize that at least on improving immediate bonding 
performance of ceramic-cement interface, micro-mechanical interlocking and chemical 
adhesion between glass-ceramic and resin-cement produced a similar effect, but the 
improvement produced by HF was numerically higher than the one produced by the 
silane, as also previous studies referred.
27 
It is important to signalize that these results 
were obtained after 24 hours storage, so in longer-period storage conditions, sole-silane 
or sole-HF usage may not produce the same favorable results. 
Groups HF showed significantly higher μSBS values compared with all non-
etched groups for each solution (Fig. 1), pointing that previous HF etching was 
important to improve immediate bonding performance for all treatments applied. That is 
in agreement with manufacturers´ instructions for RCP, SBU and CCP. Furthermore, 
from non-etched group, the sub-group treated with a sole-silane solution (RCP) 
presented the highest values within them and the only comparable mean with HF sub-
groups (Fig. 1). The other non-etched sub-groups were not significantly different 
between them and also registered the lowest µSBS among all groups/sub-groups. In 
fact, those mechanical results can also be reinforced by the obtained data from failure 
analysis, where the most frequent failure mode in etched sub-groups (HF) was cohesive 
in luting agent (resin cement (C-RC) or adhesive system (C-AS) when employed) (Figs. 
2, 3 a and b, 4 a and b, 5 a and b, 6 a and b, 7 a and b), pointing that the adhesive bond 
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strength was higher than luting agent cohesive strength and consequently letting a luting 
agent layer bonded on the ceramic surface (Figs. 3 through 7 a and b).  
Conversely, in sub-groups RCP, RCP+SB, SBU and CCP (Figs. 4 through 7 c 
and d) it was observed an important prevalence of adhesive failure between ceramic and 
luting agent where no adhesive system or resin cement layer remained bonded to the 
ceramic surface. Those sub-groups presented the lowest µSBS values. Moreover, the 
only exception on non-etched groups was obtained by RCP group that showed a 
cohesive failure in resin cement which is associated to the higher values obtained by 
this group when compared with the other non-etched groups. Also, this cohesive failure 
type was closer to the interface than the one showed by HF groups (Fig. 3 c and d), 
showing that without the action of previous HF etching, the adhesive bond strength was 
not as high as when the acid etching was performed.  
Hence, it is suggested in the present study that higher bond strength values are 
associated with cohesive failure in luting agent, in accordance with preceding works.
28-
30
 Such association and similar failure analysis results on etched lithium-disilicate glass-
ceramic were also obtained in previous studies.
19,28
 Another silanization approach 
recommends the usage of an adhesive layer applied after the silane on glass ceramic 
surface with the intent of promoting a better bond by increasing wetting of the resin 
cement and reducing flaws presence at the adhesive interface.
25,31
  
In the present work, that protocol was performed in sub-groups HF-RCP+SB 
and RCP+SB. HF-RCP+SB presented slightly lower µSBS values than sub-group HF-
RCP (Fig. 1), so it indicates that the addition of an adhesive layer after silanization did 
not improved µSBS as well as using just the silane coupler on previously-etched glass 
ceramic, at least in immediate testing conditions (after 24 hours). Thus, it can be 
inferred that by adding an adhesive system, a weaker element was placed between 
ceramic and cement, presenting a lower cohesive bond strength than adhesive bond 
strength of the complex ceramic-silane-adhesive and consequently leading to a major 
prevalence of cohesive failure in adhesive system (C-AS) (Fig. 2). In this failure pattern 
an adhesive system layer can be seen covering the ceramic surface (Fig. 4 a and b). 
Similarly in sub-group HF-RCP mostly cohesive failure were observed but within the 
resin cement, stronger material than the adhesive system and so justifying the obtained 
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µSBS results. However, in comparison with control sub-group (0-control), this protocol 
(silane and adhesive system) certainly improved bonding between resin cement and 
glass ceramic and also produced a comparable effect to the one produced by treatments 
with CCP (HF-CCP) and sole-HF (HF) (Fig. 1). 
A universal ceramic primer (CCP, containing silane and MDP) and a multi-
mode/universal adhesive system (SBU, containing also MDP and silane) were also 
employed. In 1998, Kern and Wegner
32
 first reported that phosphate monomer-
containing resin cements improved long-term bond strength to zirconia ceramics, then 
in a further investigation, the same authors confirmed that the functional phosphate ester 
group of MDP could form a water-resistant chemical bond with those ceramics.
33
 Also, 
further researches have confirmed the benefit of using phosphate acid monomers in 
bonding to zirconia.
15,34
 Consequently, MDP-containing silane-solutions were 
introduced to improve bonding performance between ceramics and resins, as 
“universal” ceramic primers. Furthermore, literature reports that acidic monomers 
rapidly hydrolyze silane coupling agents, enhancing the polysiloxane bonding network 
needed to form chemical union, resulting in improved retention of resin cement to 
zirconia
35,36 
and also to glass ceramics.
15
 That could suggest a combined benefit from 
using MDP-containing silane primers even when employed with glass ceramics and not 
just with non-glass ceramics (with high content of metallic ions).  Therefore, it would 
be presumed that the employment of such primers, may power bonding between glass-
ceramic and resin-cement as well or better than using a sole-silane solution.  
In the present work, this treatment was performed in sub-group HF-CCP and 
obtained lower µSBS values compared with HF-RCP but not different from sub-groups 
HF-RCP+SB, HF-SBU and HF. Therefore, those lower μSBS values obtained by HF-
CCP in comparison with HF-RCP, should be precisely due to the addition of other 
components (in this case, maybe the MDP) to the silane-containing solution. This, in the 
sense of having less silane quantity per area
34
 in contact with ceramic surface and 
available to perform the link with resin-cement (in contrast with the sole-silane 
solution). Also, the elimination of solvents and other byproducts may be hindered by the 
presence of other components, obstructing the formation of other condensation reactions 





Condensation reaction of silane is closely related to the thickness of the silane 
layer formed on the ceramic surface, and to its concentration in the solution, having an 
important effect on the quality of bonding produced.
37
 It has been suggested that silanes 
form three different oligomer layers when applied as a sole coat
38
 and that just the one 
closest to the ceramic surface is necessary for bonding, the outermost layers cannot 
bond and may be detrimental.
39
 By eliminating these layers and other by-products as 
water and ethanol, covalent bond formation can be promoted.
37
 So it could be assumed 
that in the case of CCP and even more in the case of SBU a thicker silane layer has been 
formed due to all the other components present in the solution and the possible 
difficulty of eliminating most by-products, hindering a proper chemical bonding 
formation between glass-ceramic and resin-cement.  
It has also been reported that high concentration of silane in the solution could 
also obstructs its correct condensation reaction, by increasing potential for oligomer 
formation
29 
and heighten silane layers thickness.
24
 CCP has higher silane concentration 
compared with RCP,
40,41
 a possible other reason that could explain the lower results 
obtained by CCP in comparison with the sole-silane application. Furthermore, a thicker 
silane layer (or multi-layer) could be prejudicial as it could fill ceramic surface 
irregularities compromising micromechanical interlocking and becoming the weakest 
link of that bond.
30
  
In the case of SBU, where silane, MDP and other components (as diverse kind 
of monomers) are mixed, direct union with ceramic surface would be made by the 
adhesive layer (SBU layer) and not by the resin cement, producing failure in the 
weakest link of that complex, the adhesive layer. That could be one explanation to the 
significantly lower µSBS results obtained by sub-group HF-SBU compared with HF-
RCP and HF-RCP+SB (but not different from HF-CCP and HF). SEM observations 
from sub-group HF-SBU (Figs. 5 a and b) reinforced this theory, as there could be noted 
cohesive failure in adhesive system (C-AS), suggesting that such adhesive layer was the 
weakest element in that complex. Another possible factor on this decrease could be 
attributed to some areas observed on SEM images as voids or “lacunas” that may work 
as stress concentration areas, leading to an irregular and less resistant adhesive layer 
(Figs. 5 a and b). Those spaces may be attributed to a release of water molecules within 
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the adhesive system layer as a by-product consequence of the condensation reaction 
between silane (incorporated in SBU) and glass-ceramic,
39
 producing some areas with 
incomplete polymerization. These voids were reported previously also for the same 
combination, Rely X Ultimate with Scotchbond Universal, using feldspathic-ceramic
42
 
and CAD/CAM composite blocks (LAVA Ultimate, 3M ESPE, St. Paul, MN, USA).
27
 
In those papers the authors refer that the mentioned voids are possibly consequence of 
water in-flaw from wet dentin tubules probably due to under-cured areas in the adhesive 
system/resin-cement assembly, when they were not cured separately (adhesive and 
cement).
27,42
 In our case, dentin was not used; reason why it is more likely to think that 
water or humidity came from the silane/ceramic condensation reaction.  
The introduction of silane-containing multi-mode adhesive systems is promising 
as it can simplify the clinical technique for cementation process. Lührs et al.
42
 found 
that SBU presented similar µTBS compared with the other experimental groups when 
the adhesive system in dentin and the resin cement were separately light-cured after 7-
days water storage, although applying just silane layer resulted in higher values. 
Equally, in the present work SBU demonstrated acceptable glass-ceramic/resin-cement 
bonding performance and comparable effect with CCP and HF acid-etching, although it 
demonstrated less effectiveness compared with the application of a sole-silane solution 
and the combination of silane and adhesive system (Fig. 1). Further investigations that 
can clarify other aspects of silane-containing multi-mode adhesive system performance 
as a silane coupler agent should be encouraged. 
Conclusions 
Within the limitations of this in vitro study the following conclusions can be 
drawn: 
1. The best glass-ceramic/resin-cement bonding performance was achieved when 
using a combined application of 10 %HF etching and a sole-silane solution. 
2. Isolated use of 10%HF etching improved glass-ceramic/resin-cement bond 
strength approximately in 3 times and isolated silane application exerted an 
increment of 2.5 times, both compared with the control sub-group. 
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3. Silane-incorporated solutions as SBU and CCP improved glass-ceramic/resin-
cement bond strength when glass-ceramic was previously etched in comparison 
with the control sub-group, but not as much as the employment of a sole-silane 
solution. 
4. Previous 10%HFA etching was fundamental on obtaining acceptable µSBS 
values for the treatments RCP+SB, SBU and CCP. 
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Fig. 1- Boxplot of the µSBS results. The box represents the spreading of the data between the first and third quartile. The central horizontal 
line represents the mean. Mean is also presented in numbers and the standard deviation in parenthesis next to the mean value. The whiskers 
mark the maximum and minimum measured value. Groups with the same letter are not statistically different (p<0.05). Comparisons must 
be made between capital letters with the same superscript symbol and between lowercase letters with the same color. Symbology; Ceramic 
Treatment: 10% Hydrofluoric acid etching (HF), Aluminum oxide airborne particle abrasion (only) (Al2O3). Silane Treatment: Rely X 
Ceramic Primer (RCP), Rely X Ceramic Primer+Adper Singlebond 2 (RCP+SB) Scotchbond Universal (SBU), Clearfil Ceramic Primer 




Fig. 2- Results of the SEM failure analysis for all experimental sub-groups. Abreviations: 
10% hydrofluoric acid etching (HF), Rely X Ceramic Primer (RCP), Rely X Ceramic 
Primer + Adper Single Bond 2 (RCP+SB), Scotchbond Universal (SBU), Clearfil Ceramic 






































Fracture Pattern Analysis 
AD-CC (Adhesive/Ceramic-










Fig. 3- (a) Fracture pattern on the glass-ceramic side from sub-group HF-RCP showing a 
predominant cohesive failure in resin cement with irregular resin cement particles 
agglomeration within the fracture area; (b) Magnification of the circled area on Fig. 3a, 
note resin cement particles (arrow) adhered to ceramic surface (not able to see); (c) Fracture 
pattern on the glass-ceramic side from sub-group RCP, showing a mainly cohesive failure 
in resin cement but closer to ceramic-cement interface; (d) Amplification of the circled area 
on Fig. 3c, note some resin cement particles (arrow) filling some irregularities made by the 
aluminum oxide airborne particle abrasion and some ceramic areas denoting a closer failure 




Fig. 4- (a) Fracture pattern on the glass-ceramic side from sub-group HF-RCP+SB showing 
a predominant uniform cohesive fracture in adhesive system (AS) with a resin cement 
fragment (RC) present on the upper-right side of the fracture area; (b) Magnification of the 
circled area on Fig. 4a, where adhesive system agglomeration (AS) can be seen forming an 
irregular disposition with also some resin cement particles trapped in it; (c) Fracture pattern 
on the glass-ceramic side from RCP+SB showing primarily an adhesive failure; (d) 
Magnification of the circled area on Fig. 4c, here the whole adhesive system layer cannot 
be observed as in Fig. 4b, and just a few particles (arrow) can be seen filling some of the 
ceramic surface irregularities made by the aluminum oxide airborne-particle abrasion, also 




Fig. 5- (a) Fracture pattern on the glass-ceramic side from sub-group HF-SBU showing a 
uniform cohesive failure in adhesive system; (b) Magnification of the circled area on Fig. 
5a, note irregular configuration of the adhesive system (AS) with some “lacunas” (L)  
between the adhesive agglomerations forming also a kind of “web” disposition; (c) Fracture 
pattern on the glass-ceramic side from sub-group SBU showing a predominant adhesive 
failure in the interface between ceramic and adhesive system; (d) Magnification of the 
circled area on Fig. 5c, note that almost none particle remained adhered to ceramic surface 





Fig. 6- (a) Fracture pattern on the glass-ceramic side from sub-group HF-CCP showing 
cohesive failure in resin cement (RC) with different reliefs through the whole fracture area; 
(b) Magnification of the circled area on Fig. 6a, many resin cement particles agglomerated 
(RC) can be observed and forming some reliefs; (c) Fracture pattern on the glass-ceramic 
side from CCP showing a predominant adhesive failure; (d) Magnification of the circled 
area on Fig. 6c, very few resin cement particles can be seen, also ceramic irregularities 
made by airborne-particle abrasion (arrow) and ceramic areas (C) can be seen, very similar 




Fig. 7- (a) Fracture pattern on the glass-ceramic side from sub-group HF, showing mainly a 
uniform cohesive failure in resin cement; (b) Magnification of the circled area on Fig. 7a, 
note irregular agglomeration of resin cement particles (RC); (c) Fracture pattern on the 
glass-ceramic side from 0-control sub-group showing a predominant adhesive failure; (d) 
Magnification of the circled area on Fig. 7c, note some resin cement particles filling some 
of the ceramic irregularities made by airborne particle abrasion (arrow) and also some 
ceramic areas (C) can be seen between resin particles and irregularities, also this failure 







Table 1- Materials used in this study. 
Material Lot. Composition* Manufacturer 
Rely X Ceramic 
Primer 
(RCP) 
N406850 MPS, Ethanol, 
Water 





















3M ESPE St. Paul, 
MN, USA/Neuss, 
Germany 
Adper Singlebond 2 
(Adper Singlebond 
Plus in the USA) 
(SB) 










and silica nanofiller 
3M ESPE Sumaré, 
SP, Brazil 
*MPS, methacryloxypropyltrimethoxysilane (pre-hydrolyzed silane); MDP, 10-
methacryloyloxydecyl dihydrogen phosphate; HEMA, 2-hydroxyethyl methacrylate; Bis-








Table 2- Group division and treatment protocol. 















HF-RCP 10% HF acid 
etching for 20s, 
active application 
of Rely X Ceramic 
Primer in one layer 
for one minute and 
air-dried for 20 s. 
RCP Active 
application of 
Rely X Ceramic 
Primer in one 
coat for one 
minute and air-










HF-RCP+SB 10% HF acid 
etching for 20s, 
active application 
of Rely X Ceramic 
Primer in one layer 
for one minute, air-
dried for 20 s and 
also active 
application of 
Adper Single Bond 
2, for 15 s in one 




Rely X Ceramic 
Primer in one 
layer for one 
minute, air-dried 
for 20 s and also 
active application 
of Adper Single 
Bond 2, for 15 s 
also in one layer 







HF-SBU 10% HF acid 




for 20s, and air-
dried for 5s. 
SBU Application of 
Scotchbond 
Universal 
Adhesive for 20s, 







HF-CCP 10% HF acid 
etching for 20s, 
application of 
Clearfil Ceramic 
Primer in one layer 
and air-dried for 5s. 
CCP Application of 
Clearfil Ceramic 
Primer in one 
layer and air-




HF 10% HF acid 
etching for 20s. 









Effect of different silane-containing solutions on glass-ceramic/cement bonding 
interacting with dual-cure resin cements. 
Abstract 
Objective: The aim of this study is to determine the effect of different silane-containing 
solutions on ceramic-cement bonding and their interaction with different dual-cure resin 
cements.  
Materials ad Methods: Forty five glass-ceramic plaques (IPS e.max CAD®) were 
sandblasted with aluminum oxide for 5s, etched with 10% hydrofluoric acid gel (HF) for 
20s and then divided in three groups of 15 each to be treated with different silane-
containing solutions: RelyX Ceramic Primer
®
 (AS), Scotchbond Universal
®
 (SU), Clearfil 
Ceramic Primer
®
 (CP). Then each group was divided in five groups of three plaques to 
receive the following dual-cure resin cements: Conventional: RelyX Ultimate (RU), RelyX 
ARC (AR), VarioLink II (VL); and two self-adhesive:  RelyX UNICEM 2 (U2), and BiFix 
(BF). Eight cement cylinders of each cement were distributed on each plaque and 
polymerized, summarizing 24 cylinders per group. After 24 h storage in relative humidity 
at 37°C, each cylinder was subjected to a microshear testing. Failure mode was analyzed 
using scanning electron microscopy (SEM). Data were statistically analyzed with two-way 
ANOVA (resin cement and silane ) and Tukey test (p≤0.05). 
Results: Both factors significantly influenced the results and also interaction between them 
was detected (p=0.0001). µSBS was significantly higher when ceramic was treated with AS 
for all cements. Most of cements showed no statistically different mean values when treated 
with SU and CP, except BF-SU and AR-CP that showed significantly lower means within 
their treatment groups. Some incomplete polymerization areas were observed in SEM 
images for those cases. Cohesive failure in resin cement type was predominant with higher 
results while adhesive with lower results.  
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Conclusions: The sole silane solution improved better bonding than the universal adhesive 
and the ceramic primer. In general, universal adhesive and ceramic primer produced 
acceptable mean values and they were statistically comparable. Compatibility between 
silane solutions and dual-cure resin cements may be material dependent. 
Clinical Relevance: Simplified adhesives and primers containing silane may also improve 
ceramic-cement bond strength but in a lower degree than conventional silane-solutions. 
Interaction of those solutions with different resin cements may be material dependent, so 
the clinician may be warned of using a compatible material combination. 
Introduction 
Dental ceramics became one of the mostly used restorative materials in the last 
years for esthetic and rehabilitation procedures due to have various positive properties in 
topics as wear resistance, biocompatibility, thermal conductivity and optical characteristics 
[1,2]. However, to obtain an optimal bonding of the ceramic restoration to tooth structure it 
is required, surface treatment in dental tissues [3], ceramic material [4] and the use of luting 
agents. 
Different kinds of luting agents have been used to bond ceramic restorations to tooth 
structure [5]. Resin-based polymerizing cements can perform some chemical and 
mechanical interaction to tooth and restoration [6, 7]. Furthermore, they present superior 
bond strength to tooth and ceramics than water-based cements, high tensile and shear 
strengths, low solubility, adhesion capability and long-term stability with silica-based 
ceramics [8, 9]. Resin cements may be bonded to the tooth using either the etch-and-rinse 
or self-etch adhesive technique, also other kind of resin cements may not need an 
intermediate adhesive system to bond the tooth structures and they are called self-adhesive 
resin cements. [10] 
To achieve adhesion between resin cement and glass-ceramic material, there are two 
main approaches: micromechanical interlocking and chemical bonding. [11] Mechanical 
attachment can be promoted by etching of the glass-ceramic surface (commonly with 
hydrofluoric acid (HF))
 





The combination of both mechanical and a chemical bonding is the preferred 
way to establish an optimal resin-cement/glass-ceramic bond [4, 15, 16]. 
Since 1977, silane coupling agents have been applied as adhesion promoters in 
dentistry [17]. Moreover, silane-coupling agents must be activated through a hydrolyzation 
process (SiOR→SiOH) to be able to bond through OH groups [15]. So, many commercial 
silane-solutions use a molecule with a pre-hydrolyzed silane group in one side and a 
methacrylate group in the other side (3-Methacryloxypropyltrimethoxysilane, MPS) in 
order to bond resin and ceramic, and using ethanol and water as solvents in one bottle. [18]
 
Likewise, it has been suggested that solutions containing phosphate acid monomers 
such as MDP (10-methacryloyloxydecyl dihydrogen phosphate) may also improve ceramic-
resin bonding [19]. Those phosphate acid monomers are employed due to their capability to 
bond metallic ions present in some ceramics (mainly non-glass ceramics) with methacrylate 
groups in resin cements [19, 20]. Thus, when silane is added along (as in some commercial 
primers), that solution can enhance bonding in glass ceramics and non-glass ceramics.  
Additionally, these phosphate acid monomers are also incorporated in some enamel-dentin 
self-etch adhesives to act as couplers between methacrylate groups and calcium present in 
enamel and dentin [21]. Recently, silane has been also added to those adhesives obtaining a 
“universal” bonding solution to be used with enamel, dentin, ceramics and some metal 
alloys, possibly simplifying clinical steps [22]. This broad range of silane-containing 
solutions are supposed to act as conventional silane couplers, but there is no further 
evidence that clears if they can improve equally the ceramic-cement bonding and how they 
interact with different kinds of resin cements.  
The aim of this in vitro study is to determine the effect of different silane-containing 
solutions on ceramic-cement bonding and their interaction with different dual-cure resin 
cements. The hypothesis set in this study was that ceramic-cement µSBS could be 




Materials and methods 
 One glass-ceramic (IPS e-max lithium disilicate CAD/CAM, color A2, Ivoclar, 
Vivadent, NY, USA; Lot. N76665) was used as a substrate to bond five different dual-cure 
resin cements which three are conventional adhesive resin cements (all in A2 color): RelyX 
Ultimate (RU) (3M ESPE, St. Paul, MN, USA/Neuss, Germany), RelyX ARC (AR) (3M 
ESPE), VarioLink II (VL) (Ivoclar Vivadent AG, Schaan, Liechtenstein); and two self-
adhesive resin cements:  RelyX UNICEM 2 (U2) (3M ESPE), and BiFix (BF) (VOCO 
GmbH, Cuxhaven, Germany) (Table 1). Three silane-containing solutions were employed 
as silanization treatment: RelyX Ceramic Primer (AS) –a sole-silane solution– (3M ESPE), 
Scotchbond Universal (SU) –a built-in-silane multi-mode adhesive– (3M ESPE) and 
Clearfil Ceramic Primer (CP) –a ceramic primer containing silane and MDP– (Kuraray 
Noritake Dental Inc., Okayama, Japan) (Table 1). The specimens preparation methodology 
for the microshear bond strength test (µSBS) was adapted from the one developed by 
Shimada et al. [23]. 
Forty five lithium disilicate ceramic plaques measuring 10±0.1mm in length, 
6±0.1mm in width and 2±0.1mm in thickness were milled from CAD/CAM blocks on an 
E4D Dentist System (D4D technologies, LLC, Richardson, TX, USA) using a custom-mill 
file. They were sandblasted with aluminum oxide (50 μm; Bio-Art, São Carlos, SP, Brazil) 
at 2 bar pressure for 5 seconds in only one surface at a working distance of 5mm from the 
porcelain plaque. They were also treated with 10% Hydrofluoric acid gel (HF) for 20 
seconds [24] (HF) (Porcelain Conditioner Dentsply, Petropolis, Brazil) and washed with tap 
water for 1 minute. Then all plaques were ultrasonically cleaned for 5 minutes in distilled 
water and air-dried. Each ceramic plaque was prepared to receive 8 resin-cement cylinders. 
All the 45 glass-ceramic plaques were divided into 3 groups of 15 plaques each to 
be treated with one of the three silane-solutions. Each group was subsequently divided in 5 
groups of 3 plaques to receive each of the cements listed above. All materials’ employment 
protocol is described on Table 2. Each treated glass ceramic plaque was placed in a silicon 
mold with eight cylindrical-shaped compartments measuring 1.6±0.1mm in diameter and 
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1±0.1mm in thickness. All resin cements were “calibrated”, squeezing out the first amount 
of material until it was delivered evenly from either chambers or dispensers. Then, the resin 
cement was injected into each compartment on the treated ceramic plaque (8 cement 
cylinders on each ceramic plate) (Table 2) and light-cured (Optilight Max, Gnatus, Brazil; 
light output: 600 mW/cm
2
) for 40s. A 1mm glass slide was placed between the light tip and 
the cylindrical resin cement specimen. The ceramic-plaque/resin-cement assemblies were 
removed from the molds after 5 minutes, summarizing 24 cylinders for each group. The 
specimens were water rinsed, dried and stored in 100% relative humidity at 37°C for 24 h. 
Specimens were attached to a holding device with cyanoacrylate glue (Super 
Bonder Loctite, Henkel) and placed on a universal testing machine (Instron 4411, Instron 
Corporation, Canton, MA, USA)  in order to do microshear bond test (μSBS) using a 500-N 
load cell. A shear load was applied to the base of the resin cement cylinder with a thin wire 
(0.20 mm diameter) at a crosshead speed of 0.5 mm/min. Values of each specimen were 
expressed in MPa, and then a group mean was calculated (24 measures). All data were 
statistically analyzed by Two-Way ANOVA (resin cement vs. silane containing solution) 
and Tukey test at a significance level of 5% (p<0.05). 
 For SEM evaluation, all specimens were mounted on aluminum stubs, sputter 
coated with gold/palladium (SCD 050; Balzers, Schaan, Liechtenstein) and then examined 
using a scanning electron microscope (JSM 5600 LV; JEOL, Tokyo, Japan) operating at 15 
kV. Photomicrographs of representative areas of the fractured surfaces were taken at 
different magnifications for fracture pattern evaluation and then classified according to the 
following criteria: AD-CC, adhesive failure between ceramic and resin cement/adhesive 
system (when employed); C-AS, cohesive failure in adhesive system (when employed); C-
CE, cohesive failure within the ceramic; C-RC, cohesive failure in resin cement and MIX, 
mixture of different kinds of fractures in the same specimen. 
Results 
Two-way ANOVA statistical analysis revealed that the factors “Resin cement” and 
“silane-solution” significantly influenced the µSBS (p=0.00001). Likewise, significant 
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differences were found in the interaction between the two factors (p=0.00001). All μSBS 
mean values, data distribution and standard deviation per each group are illustrated in 
Figure 1.  
Spreading data ranged from 2.8 MPa to 48.4 MPa as shown in Fig. 1. Tukey test 
(p<0.05) showed that treating the glass-ceramic with a conventional silane (AS) produced 
significantly higher µSBS values compared with the ceramic primer (CP) and the universal 
adhesive (SU). When treated with AS, cements RelyX ARC (AR) and VarioLink II (VL) 
obtained the statistically highest results, but VL was not significantly different from RelyX 
Ultimate (RU), RelyX UNICEM 2 (U2) and BiFix (BF) (p>0.05) (Fig. 1). When treatment 
SU was applied, cements VL and RU obtained the significantly highest values among all 
cements (p<0.05). However, RU was statistically not different from U2 and AR (p>0.05).  
The lowest µSBS mean for this treatment was obtained by BF that by the way was not 
significantly different from AR (p>0.05) (Fig. 1). When specimens were treated with CP, 
AR presented the significantly lowest mean within the groups (p<0.05) (Fig. 1). Cements 
RU, U2 and VL showed significantly higher values when treated with AS than when 
treated with SU and CP (p<0.05). BF registered lower results when treated with SU than 
with AS and CP (p<0.05). In the case of AR, AS produced the statistically highest values, 
followed by SU and CP (p<0.05) (Fig. 1). 
Results from SEM fracture pattern analysis are presented in Fig. 2. Representative 
photomicrographs from all groups are shown from Figure 3 through 7. All groups treated 
with AS presented C-RC failure pattern and it was also common in most CP groups. 
Generally, fracture patterns AD-CC and MIX were mostly recurrent in groups with lower 
µSBS values. In general SU groups showed the most variable failure pattern within all 
groups (Figs. 3 through 7). 
Discussion 
As it is well known two major interfaces are involved in the luting process of an 
indirect glass-ceramic restoration: tooth/luting agent and luting agent/ceramic material. On 
this regard, it is clinically relevant to achieve an optimal bonding performance in both 
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interfaces. Thus, the present investigation aimed to study the ceramic/cement interface and 
two of the main factors involved with it: silanization and its interaction with different resin-
cements. 
To assess bonding performance of ceramic/cement interface, a well-established 
µSBS method was used [23]. This method uses a thin wire close and parallel to the bonding 
area instead of a blade, in order to better distribute the stress in the surrounding specimen 
area [25]. Also, the usage of a micro-specimen leads to a greater uniformity on that stress 
distribution and avoids better the undesirable cohesive failure in substrate, producing more 
“realistic” failure patterns than when using bigger specimens [26-28]. 
Overall, statistical evaluation revealed significant differences between the groups 
(Tukey test, p<0.05), as well as that factors “resin cement” and “silane solution” did 
influenced ceramic/cement bonding performance accepting the hypothesis set in this study 
(Two-way ANOVA, p=0.00001). 
Three conventional adhesive and two self-adhesive resin cements were used as 
luting agents. A conventional silane (AS), a built-in silane universal adhesive (SU) and a 
ceramic primer containing silane and MDP were employed as silanization agents. 
Regarding “silane solution”, when specimens were treated with AS all cements 
tested presented their statistically highest results compared with the other treatments, so in 
this conditions, all cements performed pretty well (Fig. 1). This can be illustrated with the 
fact that with AS, cements obtained a relatively uniform data distribution and so a stable 
behavior with this treatment could be presumed with the only exception of BF that showed 
a non-uniform data distribution (Fig. 1).  RelyX ceramic primer (AS), contains a pre-
hydrolyzed silane (3-Methacryloxypropyltrimethoxysilane, MPS) mixed in one bottle with 
water and ethanol (according to material MSDS). So, MPS present in AS is a ready-for-use 
silane and capable to bond methacrylate groups via OH- groups and also it may improve 
the wettability of the ceramic surface and promote better interaction between ceramic and 
cement as it has been previously suggested [15, 29].
 
In fact, a good interaction between 
resin-cement and ceramic surface could be presumed for AS groups in this study as all 
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specimens presented C-RC failure mode (Figs. 2, 3a and b, 4a and b, 5a and b, 6a and b, 7a 
and b), sign of a more intimate contact and higher ceramic-cement bond strength according 
to previous findings [30]. Another important factor in this regard, is that silanes form three 
different oligomer layers when applied as a sole-coat [31] but just the first one is capable to 
bond with ceramics [32]. So, it is important to get the thinnest layer possible and eliminate 
the solvent and other by-products of bonding reaction to improve adhesion [33]. In our 
study, a single silane layer was applied and dried (following manufacturers’ instructions) 
with the intention of eliminating most of solvents and by-products and improve chemical 
adhesion. 
 
Moreover, sandblasting and HF etching performed may have promoted 
mechanical interlocking and enhancing adhesion [11]. This combined mechanical/chemical 
bonding is considered to be the most accepted glass-ceramic pre-treatment and it has been 
reported that it provides the highest ceramic/cement bonding [4, 20, 23].
 
With those issues 
in mind and in light of our results, it can be affirmed that this protocol (AS) continues to be 
the preferred glass ceramic pre-treatment. 
A universal ceramic primer (CP, containing silane and MDP) and a multi-mode 
adhesive system (SU, containing also MDP and silane) were also employed. Kern and 
Wegner [34] first reported that resin cements containing phosphate monomers could form a 
water-resistant chemical bond with zirconia [35]. Furthermore, literature reports that acidic 
monomers rapidly hydrolyze silane coupling agents, enhancing the polysiloxane bonding 
network needed to form chemical union of resin cement to zirconia and also to glass 
ceramics [20, 36]. With this intention is that phosphate monomers and silane are mixed as 
in SU and CP. Conversely in the present study, most groups treated with SU and CP 
obtained lower values than AS, so the supposed combined benefit of silane and MDP was 
not better than the sole-silane (Fig. 1). This may be due in part, to the addition of MDP to 
the silane-solution, in the sense of having less silane quantity per area in contact with 
ceramic surface and available to perform the link with resin cement [37] (in contrast with 
the sole silane solution) and also hindering the elimination of solvents and other byproducts 
obstructing the formation of complete condensation reactions needed to form siloxane 
network [38]. According to this, is that some “spaces” could be observed in SEM images of 
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some groups employing SU and CP, suggesting incomplete polymerization areas possibly 
produced in part by water release (silane condensation reaction byproduct) within the 
interface (Figs. 3d and f, 5d, 6d, 6f and 7d). Furthermore, the addition of other ingredients 
can affect negatively adhesion and may promote the formation of a thicker silane layer with 
more oligomers presence that may be also detrimental hindering an intimate interaction and 
consequently bonding performance [11, 33, 39]. 
CP and SU behaved relatively similar within the cements, just BF and AR obtained 
different values between those treatments (Fig. 1). In the case of BF, it obtained lower 
results with SU than with AS and CP and it also was the lowest on SU group together with 
AR (Fig. 1). Thus, it could be presumed that some incompatibility between SU and BF may 
have caused bond strength decrease and produced a very variable failure pattern prevalence 
(Fig. 2) as well as some possible incomplete polymerization areas visible on SEM images 
(Fig. 5c and d). Also, BF-SU shows a pretty uniform data distribution on a low range (Fig. 
1).  Several studies have confirmed some incompatibilities between dual-cure and some 
acidic monomers present in some simplified adhesives and ceramic primers [40-42]. This 
occurs primarily because the acidic monomers in the oxygen inhibition layer can deactivate 
the tertiary amines, affecting chemical polymerization on self-curing and dual-curing resin 
cements [42]. Hence, more acidic one-step adhesives or primers greatly decrease 
ceramic/cement bond strength when using self-cure or dual-cure resin cements with it, as 
probably happened in this case [41].  
The other cement that behaved different with SU and CP was AR. This cement 
particularly obtained the highest values for AS, lower for SU and the lowest for CP (Fig. 1). 
It was also the lowest mean value among all cements when treated with CP. Hence, it could 
be presumed that also some incompatibility as the one mentioned before may exist between 
AR and CP, as it behaved very well with AS and quite normal with SU but not very well 
with CP. Also its data distribution is relatively constant on a low range (Fig. 1). That 
incompatibility may be due to the fact that CP is a ceramic primer containing an acidic 
monomer (MDP) with a pH value of approximate ≥2.5 (according to manufacturer) and AR 
a dual-cure resin cement containing an amine and benzoyl peroxide as chemical 
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polymerization system. That situation matches the one described previously about 
incompatibility between acidic primers/adhesives and dual-cure resin cements. 
Additionally, the more prevalent failure mode was AD-CC and it is associated with low 
µSBS values. Also it could be observed on SEM images some areas of apparent rejection 
and maybe incomplete polymerization between the primer layer and the resin cement (Fig. 
6d and f). 
In the case of RU, manufacturer claims that this cement is designed to work well 
with SU as it has integrated a “dark cure activator” so its self-curing portion would not be 
affected with acidic one-bottle adhesives. In the case of U2, as it is a self-adhesive resin 
cement it already has acidic monomers on its composition, so its chemical polymerization 
component may be acidic-resistant already. In the present study RU showed a pretty 
uniform behavior with the three silane-solutions and also the most homogenous data 
distribution together with U2 (Fig. 1). So it could be presumed that RU and U2 really did 
not suffer greater affectation when used along with acidic one-bottle solutions.  In fact, 
instructions for use of SU recommend the employment of that activator (available as a 
separate product) when uses SU along with another dual-cure/self-cure resin cement than 
RU. As one of our objectives was to investigate the interaction between the pure cements 
and the silane-solutions, we did not use the activator mentioned before with any of the 
cements used on the study.  
Interesting was that despite this theoretical problem, just BF-SU and AR-CP 
showed some kind of decrease on µSBS values. In the case of VL, it obtained also a high 
mean value with the three solutions.  It did present more variable data distribution when 
used with SU and CP signalizing a less constant behavior in those conditions but nothing as 
critical as AR (Fig. 1). This may be remarkable because VL uses also benzoil 
peroxide/amine as chemical polymerization mechanism (as AR) and so a major affectation 
would be expected when used with SU and CP. So it can be inferred that VL’s 
polymerization depends more of the physical polymerization system than of the chemical 
polymerization component, different than AR and possibly explaining why it was not 
affected by acidic solutions. So, that negative interaction may be material dependent as 
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each specific composition may influence the cements’ behavior against simplified acidic 
solutions containing silane. This is clinically relevant as the main purpose of those one-
bottle/universal solutions is to simplify clinical steps and diminish the quantity of bottles to 
be used in the cementation process. So the clinician may pay attention to this interaction 
issues in order to avoid any problem that could affect bonding performance when 
combining different silane-containing-solutions with different dual-cure resin cements. 
Conclusions 
Within the limitations of this in vitro study we can conclude the following  
1. The sole-silane solution performed better than the silane-containing primer 
and the silane-containing universal adhesive when used as silanization 
agents. 
2. In general, both alternative silane-solutions (SU and CP) performed 
relatively well and very similar between each other. 
3. Compatibility between those alternative silane-solutions (as they are acidic 
solutions) and dual-cure resin cements may be material dependent as some 
dual-cure resin cements may use an acid-sensitive chemical polymerization 
system and some other may not. 
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Fig. 1- Boxplot of the µSBS results. The box represents the spreading of the data between the first and third quartile. The central 
horizontal line represents the mean. Mean is also presented in numbers and the standard deviation in parenthesis next to the mean 
value. The whiskers mark the maximum and minimum value measured. Groups with the same letter are not statistically different 
(p<0.05). Comparisons must be made between capital letters with the same superscript symbol and between lowercase letters 
with the same color. Symbology; Resin Cements: Rely X Ultimate (RU), UNICEM 2 (U2), BiFix (BF), Rely X ARC (AR), 




Fig. 2- Results of the SEM failure analysis for all experimental groups. Abbreviations: Rely 
X Ceramic Primer (AS), Scotchbond Universal (SU), Clearfil Ceramic Primer (CP), RelyX 


















































Fig. 3- (a) Fracture pattern on the glass-ceramic side of RU-AS showing a predominant 
cohesive failure in resin cement with irregular resin cement particles agglomeration within 
the fracture area; (b) Amplification of the circled area in Fig. 3a, note some resin cement 
particles (arrow) agglomerated; (c) Fracture pattern on the glass-ceramic side of RU-SU 
showing a predominant cohesive failure in adhesive system with irregular adhesive 
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agglomeration covering the ceramic surface;  (d) Amplification of the circled area in Fig. 
3c, adhesive system agglomeration segments can be seen (AS) separated for some “spaces” 
possibly product of an irregular polymerization process (arrow);  (e) Fracture pattern on the 
glass-ceramic side of RU-CP showing a mixed failure in resin cement with one resin 
cement sections (RC) and other areas of the primer layer (P) covering the ceramic surface; 
(f) Amplification of the circled area in Fig. 3e, where the primer layer (P) is covering most 





Fig. 4- (a) Fracture pattern on the glass-ceramic side of U2-AS showing a predominant 
cohesive failure in resin cement with irregular resin cement particles agglomeration within 
the fracture area; (b) Amplification of the circled area in Fig. 4a, when resin cement 
agglomeration can be observed; (c) Fracture pattern on the glass-ceramic side of U2-SU 
showing also a predominant cohesive failure in resin cement but closer to the interface; (d) 
49 
 
Amplification of the circled area in Fig. 4c, also resin cement agglomerations can be seen;   
(e) Fracture pattern on the glass-ceramic side of U2-CP showing a predominant cohesive 
failure in resin cement with irregular resin cement particles agglomeration within the 
fracture area;  (f) Amplification of the circled area in Fig. 4e, where resin cement 





















Fig. 5- (a) Fracture pattern on the glass-ceramic side of BF-AS showing a predominant 
cohesive failure in resin cement with irregular resin cement particles agglomeration within 
the fracture area; (b) Amplification of the circled area in Fig. 5a, note some resin cement 
particles (arrow) within the agglomeration;  (c) Fracture pattern on the glass-ceramic side 
of BF-SU showing a mixed failure in which one region is covered by the adhesive system 
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(AS) and other area with some resin cement particles (RC); (d) Amplification of the circled 
area in Fig. 5c, where an adhesive layer is partially covering the ceramic surface very close 
to the interface and also some “spaces” (arrow) within the covered surface can be seen 
probably due to an incomplete polymerization in some areas; (e) Fracture pattern on the 
glass-ceramic side of BF-CP showing a predominant cohesive failure in resin cement with 
resin cement particles agglomeration within the fracture area; (f) Amplification of the 



















Fig. 6- (a) Fracture pattern on the glass-ceramic side of AR-AS showing a predominant 
cohesive failure in resin cement with irregular resin cement particles agglomeration within 
the fracture area; (b) Amplification of the circled area in Fig. 6a, where a pretty uniform 
resin cement layer can be seen; (c) Fracture pattern on the glass-ceramic side of AR-SU 
showing an mixed failure; (d) Amplification of the circled area in Fig. 6c, where an 
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irregular adhesive system layer covering the ceramic surface can be seen with some 
amorphous areas (arrow), suggesting incomplete polymerization in those areas within the 
adhesive-cement interface; (e) Fracture pattern on the glass-ceramic side of AR-CP 
showing a predominant adhesive failure between ceramic and resin cement; (f) 
Amplification of the circled area in Fig. 6e, note some amorphous areas (arrow) covering 




















Fig. 7- (a) Fracture pattern on the glass-ceramic side of VL-AS showing a predominant 
cohesive failure in resin cement; (b) Amplification of the circled area in Fig. 7a, when resin 
cement agglomeration and some particles (arrow) can be observed;  (c) Fracture pattern on 
the glass-ceramic side of VL-SU showing a predominant cohesive failure in adhesive 
system; (d) Amplification of the circled area in Fig. 7c, adhesive system agglomeration 
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segments covering the ceramic surface can be seen and also some “spaces” (arrow) within 
the agglomeration suggesting an incomplete polymerization in those areas; (e) Fracture 
pattern on the glass-ceramic side of VL-CP showing a predominant cohesive failure in resin 
cement with irregular resin cement particles agglomeration within the fracture area; (f) 



















Tables: Table 1- List of all materials used and their composition. 
Material Lot./Manufacturer Composition* 
RelyX Ceramic Primer 
(AS) 




504115/ 3M ESPE, St. Paul, MN, 
USA/Neuss, Germany 
Bis-GMA, HEMA,  decamethylene dimethacrylate, ethanol, water, silane treated silica, 2-propenoic acid, 2-methyl-, 
reaction products with 1,10-decanediol and phosphorous oxide (P2O5), copolymer of acrylic and itaconic acid, 
dimethylaminobenzoat(-4), camphorquinone, (dimethylamino) ethyl methacrylate 2 methyl ethyl ketone, silane, MDP. 
Clearfil Ceramic Primer 
(CP) 
00023D/ Kuraray Noritake Dental Inc., 
Okayama, Japan 
MPS, MDP, ethanol. 
RelyX Ultimate- Adhesive 
Resin Cement- Automixing 
(RU) 
505370/ 3M ESPE, St. Paul, MN, 
USA/Neuss, Germany 
Base: silane treated glass powder, 2-propenoic acid, 2-methyl-, 1,1'-[1-(hydroxymethyl)-1,2-ethanediyl] ester, reaction 
products with 2-hydroxy-1,3-propanediyl dimethacrylate and phosphorus oxide, TEGDMA, silane treated silica, oxide 
glass chemicals, sodium persulfate, tert-butyl peroxy-3,5,5-trimethylhexanoate, copper (ii) acetate monohydrate. 
Catalyst: silane treated glass powder, substituted dimethacrylate, 1-benzyl-5-phenyl-barbic-acid, calcium salt, 1,12-
dodecane dimethycrylate, sodium p-toluenesulfinate, silane treated silica, 2-propenoic acid, 2-methyl-, [(3-
methoxypropyl)imino]di-2,1-, ethanediyl ester, calcium hydroxide, titanium dioxide. 
RelyX UNICEM 2- Self-
Adhesive Resin Cement- 
Automixing (U2) 
505455/ 3M ESPE, St. Paul, MN, 
USA/Neuss, Germany 
Base: silane treated glass powder, 2-propenoic acid, 2-methyl-,1,1'-[1-(hydroxymethyl)-1,2-, ethanediyl] ester, reaction 
products with 2-hydroxy-1,3-, propanediyl dimethacrylate and phosphorus oxide, TEGDMA, silane treated silica, 
sodium persulfate, glass powder, tert-butyl peroxy-3,5,5-trimethylhexanoate. 
Catalyst: silane treated glass powder, substituted dimethacrylate, 1-benzyl-5-phenyl-barbic-acid, calcium salt, silane 
treated silica, sodium p-toluenesulfinate, 1,12-dodecane dimethycrylate, calcium hydroxide, methacrylated aliphatic 
amine, methacrylated aliphatic amine, titanium dioxide. 
BiFix SE- Self-Adhesive Resin 
Cement- Automixing (BF) 
1403549/ VOCO GmbH, Cuxhaven, 
Germany 
Base: UDMA, GDMA, catalysts, initiators. 
Catalyst: GDMA, acidic adhesive monomer, UDMA, Bis-GMA, Hydroxypropyl methacrylate, benzoyl peroxide. 
RelyX ARC- Adhesive Resin 
Cement- Clicker  (AR) 
1404800205/ 3M ESPE, St. Paul, MN, 
USA/Neuss, Germany/ Sumaré, SP, 
Brazil 
Paste A: silane treated ceramic, TEGDMA, Bis-GMA, silane treated silica, functionalized dimethacrylate polymer, 
triphenylantimony. 
Paste B: silane treated ceramic, TEGDMA, Bis-GMA, silane treated silica, functionalized dimethacrylate polymer, 2-
benzotriazolyl-4-methylphenol, benzoyl peroxide. 
Variolink II- Adhesive Resin 
Cement- Two dispensers (VL) 
S39795/ Ivoclar Vivadent AG, Schaan, 
Liechtenstein 
Base: Bis-GMA, UDMA, TEGDMA, barium glass, ytterbium trifluoride, Ba-Al-fluorsilicate glass, and spheroid mixed 
oxide. 
Catalyst: Bis-GMA, UDMA, TEGDMA, dibenzoil peroxide, catalyst, stabilizers, pigments. 
*MPS, methacryloxypropyltrimethoxysilane (pre-hydrolyzed silane); MDP, 10-methacryloyloxydecyl dihydrogen phosphate; HEMA, 2-hydroxyethyl methacrylate; Bis-
GMA, bisphenol A-diglycidyl ether dimethacrilate; TEGDMA, triethylene glycol dimethacrylate; UDMA, urethane dimethacrylate; GDMA: glycerin dimethacrylate. 
Composition of the materials according to materials safety data sheets (MSDS) provided by the manufacturers. 
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Table 2- List of all materials used and their respective application instructions 
(according to manufacturers). 




One layer was applied actively with a microbrush onto the etched 




A thin layer was applied actively with a microbrush onto the etched 
glass-ceramic surface for 20s; excess was removed with another 




One coat was applied actively onto the etched glass-ceramic 





Cement was applied on each mold compartment with an 
automixing tip (provided by manufacturer) without separating it 
from the dispensed mass until filling the compartment. 




Cement was applied on each mold compartment with an 
automixing tip (provided by manufacturer) without separating it 





Cement was applied on each mold compartment with an 
automixing tip (provided by manufacturer) without separating it 
from the dispensed mass until filling the compartment. 
RelyX ARC- 
Adhesive Resin 
Cement- Clicker  
(AR) 
The equivalent amount of four “clicks” per ceramic plaque was 
dispensed on a mixing paper, both pastes were mixed with a plastic 
spatula for 10s to obtain a uniform paste, immediately it was 
charged and dispensed into each mold compartment using a 
universal syringe (Mark IIIp
TM
, Centrix, CT, USA) without 






The equivalent amount of 2cm of each paste per ceramic plaque 
was dispensed on a mixing paper, both pastes were mixed with a 
plastic spatula for 10s to obtain a uniform paste, immediately it was 
charged and dispensed into each mold compartment using a 
universal syringe (Mark IIIp
TM
, Centrix, CT, USA) without 







 As diferentes soluções avaliadas contendo silano produziram diferenças na 
resistência de união da cerâmica vítrea com o cimento resinoso nas várias condições 
experimentais que foram realizadas. Assim, a hipótese do presente trabalho deve ser aceita. 
 De maneira geral, a primeira evidência relevante relacionada com as soluções 
avaliadas no processo de cimentação foi o valor significativamente maior na resistência da 
união do cimento resinoso com a cerâmica vítrea, obtido após o condicionamento com 
ácido fluorídrico em relação à cerâmica vítrea só jateada com óxido de alumínio. Este 
resultado sugere que o condicionamento ácido da cerâmica vítrea é essencial para a efetiva 
união com o cimento resinoso. Da mesma forma, o tratamento da superfície da cerâmica 
vítrea, não condicionada com ácido, e tratada com a solução convencional contendo apenas 
o silano pré-hidrolizado (MPS) apresentou valor significativamente superior em relação ao 
grupo controle (Tabela 3, Capítulo 1). Este resultado mostrou que a aplicação apenas do 
silano na superfície da cerâmica vítrea pode ser suficiente para obtenção da união com o 
cimento resinoso (pelo menos em 24 horas), confirmando relatos de estudos prévios (Aida 
et al., 1995; Hooshmand et al., 2002; Shimada et al., 2002). Embora, outro estudo sinalize 
para a hipótese de usar apenas o ácido fluorídrico para o tratamento da superfície da 
cerâmica vítrea (Sorensen et al., 1991), nosso estudo avaliou isoladamente o efeito do ácido 
fluorídrico e do silano e comparou com um grupo no qual não foi usado nenhum tratamento 
sobre a cerâmica vítrea (controle). Os resultados mostraram que os valores de resistência de 
união obtidos foram similares proporcionalmente (aproximadamente 3 vezes maior) com 
valor numérico maior para o grupo em que foi usado o ácido fluorídrico (do que para o 
grupo em que foi usado só o silano convencional) em relação ao controle. O fator 
importante a ser analisado, neste resultado do estudo, está no fato de que o ensaio mecânico 
foi conduzido nas primeiras 24 horas após a confecção dos espécimes. Neste período curto 
de armazenamento a retenção mecânica produzida pelo ácido fluorídrico foi numericamente 
favorecida comparativamente ao uso apenas do silano que produz união química, mas 
obtendo um resultado similar cada um isoladamente. Por outro lado, tem sido relatado 
anteriormente que a união química produzida pelo silano poderia ser mais efetiva em longo 
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prazo (Hooshmand et al., 2002; Matinlinna et al., 2004), mas essa situação deverá ser 
comprovada em estudos futuros. Mas de forma geral, nosso estudo mostrou que a 
combinação do condicionamento com ácido fluorídrico da superfície da cerâmica vítrea 
seguida da aplicação do silano produziu o maior valor de resistência de união com o 
cimento resinoso e é a sugestão mais plausível para uso clínico nos procedimentos de 
cimentação de próteses, conforme outros estudos já relataram (Shimada et al., 2002; 
Brentel et al., 2007; Kitayama et al., 2010). 
Embora a solução convencional de silano tenha produzido resultados 
estatisticamente superiores, as demais soluções, que contem o silano misturado com outros 
componentes (monômeros), também foram efetivas na produção de uma melhoria na 
resistência de união entre o cimento e a cerâmica previamente condicionada (Tabela 3, 
Capítulo 1). Provavelmente a adição desses componentes (como no caso do adesivo 
universal e o primer cerâmico) aumentou a espessura final da camada de material resinoso 
em contato com a superfície da cerâmica e produziu uma região menos resistente 
coesivamente e que resultou em menores valores de resistência de união (Ishida e Koenig, 
1980; Roulet et al., 1995; Berg e Jones, 1998). Outro fator que pode ter afetado os valores 
de resistência de união foi a quantidade de silano na composição que fica em contato com a 
superfície da cerâmica vítrea. A presença e o equilíbrio químico das concentrações de 
componentes como monômeros fosfatados, dimetacrilatos, ácido polialquenóico e 
solventes, de certa forma reduzem a concentração de silano usada para a união química 
com o silício presente na superfície da cerâmica. Assim, com menor concentração em 
contato com a superfície crâmica, o silano tem menos oportunidade para produzir a 
interação necessária com ela e consequentemente favorecer a reação de condensação que 
produz a adesão química do complexo cerâmica-silano-cimento (Ikemura et al., 2011). 
Precisamente na natureza dessa reação é que podemos encontrar outro possível fato que 
pode ter afetado o desempenho dessas soluções não convencionais contendo silano. Essa 
reação produz subprodutos (por exemplo, a água).  A literatura indica que é importante 
eliminar esses subprodutos assim como os solventes presentes nas soluções de silano para 
obter uma melhor adesão com o substrato (Ishida e Koenig, 1980; Roulet et al., 1995; Berg 
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e Jones, 1998; Shen et al., 2004). Porém essa eliminação completa pode ser atrapalhada 
pela quantidade de componentes misturados na solução e até induzindo a presença de 
alguns desses subprodutos na região da união, que pode trazer problemas na resistência da 
união (Roulet et al., 1995). Nas imagens do microscópio eletrônico de varredura foram 
encontradas zonas de possível polimerização incompleta provavelmente devido à presença 
de água na região de união quando usado o adesivo universal contendo silano (Figura 3b, 
Capítulo). Ainda assim, a resistência da união dessas soluções foi efetiva quando usadas 
sobre a cerâmica vítrea condicionada. A mesma situação não aconteceu quando a cerâmica 
não foi condicionada e apenas jateada com óxido de alumínio.  
No capítulo 1, o objetivo foi avaliar as soluções contendo silano aplicadas sobre 
cerâmica vítrea condicionadas com o ácido fluorídrico (ou não) e jateadas com óxido de 
alumínio. Para o procedimento técnico de microcisalhamento foi fixado um cimento 
resinoso convencional. No capítulo 2, a proposta foi estudar a interação das soluções 
contendo silano com diferentes tipos de cimentos resinosos de dupla polimerização (dual) 
disponíveis no mercado, com o objetivo de avaliar as possíveis combinações silano/adesivo 
- cimento que podem ser viabilizadas na realidade clínica.  
Assim sendo, neste estudo do capitulo 2, podemos afirmar que a solução 
convencional de silano produziu valores maiores de resistência ao cisalhamento em relação 
às soluções não convencionais para todos os cimentos resinosos avaliados. A razão pode 
estar na adição de monômeros nas soluções de adesivo universal (SU) e primer cerâmico 
(CP) que aumentaram a espessura da camada de material resinoso em contato com a 
superfície da cerâmica e resultou na fratura coesiva desse material, além da menor 
concentração de silano em contato com o silício da superfície da cerâmica vítrea quando 
usadas essas soluções. Sendo assim, tanto o adesivo universal como o primer cerâmico 
contendo silano apresentaram valores de resistência de união sem diferença estatística para 
a maioria dos cimentos resinosos avaliados (RU, U2 e VL), exceto para os cimentos BF e 
AR. No caso do cimento resinoso BF o primer cerâmico (CP) foi superior estatisticamente 
em relação ao adesivo universal (SU), enquanto que para o cimento resinoso AR a 
diferença estatística nos valores foi ao contrário.  
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Nestes dois casos (BF e AR), observamos a distribuição dos valores de resistência 
de união completamente diferentes. Para o cimento BiFix (BF) a distribuição dos valores 
foi bastante heterogênea principalmente no grupo do silano convencional e mais 
homogênea quando usado com o CP. Apesar disso, o valor médio de resistência de união 
não apresentou diferença estatisticamente significativa. Entretanto, o valor de resistência de 
união diminuiu quando usado junto com o adesivo universal (SU). No caso do Rely X ARC 
(AR), os valores foram distribuídos homogeneamente quando foi usado com o silano 
convencional e primer cerâmico. No entanto, os valores foram estatisticamente superiores 
quando usado com o silano convencional. Quando foi utilizado o SU o valor de resistência 
de união foi maior estatisticamente em relação ao tratamento feito com o CP, mas a 
distribuição dos valores foi mais heterogênea (Figura 1, Capítulo2). No caso desses dois 
cimentos resinosos é possível que tenha havido incompatibilidade entre as soluções 
contendo silano (SU e CP) que possuem pH ácido (≈ 2,5) e os componentes químicos do 
cimentos resinosos de polimerização dual, conforme relatados por alguns estudos na 
literatura (Suh et al., 2003; Schittly et al., 2010; Chen e Suh, 2013). Os monômeros ácidos 
que permanecem na camada inibida pelo oxigênio podem reagir com a amina terciária 
presente na maioria dos cimentos resinosos de polimerização dupla (dual) e inibir a reação 
de polimerização (Schittly et al., 2010). A característica morfológica produzida por esse 
tipo de incompatibilidade pode ser visualizado na analise do padrão de fratura (Figuras 5d e 
6f, Capítulo 2), na qual aparecem áreas de polimerização incompleta.   
Dentre os cimentos que apresentaram os resultados mais constantes entre os grupos 
das diferentes soluções e que mantiveram mais homogeneidade na distribuição dos valores 
de resistência de união estão o VarioLink II, o RelyX Ultimate e o RelyX UNICEM II 
(Figura 1, Capítulo 2). Neste grupo é interessante notar que o cimento resinoso Variolink II 
é o único que apresenta na composição também a amina terciária para a reação de auto-
polimerização. E apesar disso, os valores de resistência de união não foram diferentes 
estatisticamente quando comparados com o Rely X Ultimate e UNICEM II que utilizam 
componentes químicos de auto reação diferentes da amina terciaria e específicos para serem 
usados com adesivos de baixo pH. Provavelmente, o fato de ter utilizado a luz visível para 
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efetivar a polimerização tenha sido suficiente para evitar a afetação da ação da amina 
terciária na região da união e, dessa forma, não tenha produzido qualquer efeito na 
resistência mecânica.  
Assim sendo, nossos estudos mostraram que a adição do silano em soluções 
monoméricas diferentes e de baixo pH não produziu incompatibilidade química ao ser 
utilizada em cerâmica vítrea condicionada com ácido fluorídrico quando usadas com a 
maioria dos cimentos testados (exceto BF e AR). No entanto, mostrou também que o 
processo de utilização apenas do silano convencional sobre a cerâmica vítrea pré-
condicionada produziu os melhores valores de resistência mecânica. Embora as soluções 
simplificadas contendo silano também produziram um aumento nesses valores, isso 
aconteceu em menor grau, provavelmente devido à dificuldade de eliminação do solvente e 
subprodutos a través da camada da solução simplificada não convencional de silano. Além 
disso, pode-se afirmar que o condicionamento prévio da cerâmica vítrea com ácido 
fluorídrico é importante para melhorar o desempenho de qualquer solução contendo silano; 
contudo, as soluções monoméricas ácidas contendo silano devem ser utilizadas junto com 
cimentos de polimerização dupla que a sua porção de reação química não seja suscetível ao 











Diante dos resultados encontrados neste estudo, pode ser concluído que: 
1. O uso do ácido fluorídrico junto com qualquer solução contendo silano é importante 
para melhorar a união entre cimento e cerâmica vítrea. 
2. A solução contendo só silano (convencional) é a única solução capaz de promover a 
união entre o cimento e a cerâmica sem efetuar condicionamento prévio da cerâmica 
com ácido fluorídrico. 
3. O uso da solução convencional de silano apresentou os melhores resultados em 
todas as condições testadas neste estudo. 
4. O sistema adesivo universal contendo silano e o primer cerâmico contendo silano 
melhorou a resistência de união entre o cimento e a cerâmica vítrea de forma similar 
quando usados com a maioria dos cimentos. 
5. A compatibilidade dos cimentos resinosos de ativação dupla com o adesivo 
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